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HIGHLIGHTS 


►  LiNii/3Coi/3Mni/302  thin  films  are  successfully  prepared  by  PLD  technique. 

►  The  optimal  deposition  time  and  annealing  temperature  are  30  min  and  450  °C. 

►  The  initial  discharge  capacity  is  177  mAh  g  1  tested  at  a  rate  of  0.1  C. 

►  The  Li-ion  diffusion  coefficients  are  in  the  range  of  10  9-10  10  cm2  s-1. 
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Layered  LiNii/3Coi/3Mni/302  thin  film  electrodes  are  successfully  prepared  by  pulsed  laser  deposition 
technique  and  post-annealed.  The  microstructure  of  the  thin  films  is  characterized  by  X-ray  diffraction, 
field  emission  scanning  electron  microscopy,  X-ray  photoelectron  spectroscopy  and  transmission  elec¬ 
tron  microscopy.  The  electrochemical  performance  of  the  thin  film  electrodes  is  evaluated  by  cyclic 
voltammetry  and  galvanostatic  charge— discharge  measurements.  The  kinetics  of  Li  diffusion  in  the  thin 
film  electrodes  are  investigated  by  galvanostatic  intermittent  titration  technique.  The  annealed  thin  films 
exhibit  a  partially  amorphous  structure.  The  electrochemical  performance  of  LiNii/3Coi/3Mni/302  thin 
film  electrodes  depends  on  the  annealing  temperature,  composition  and  thickness.  The  thin  film  elec¬ 
trodes  deposited  for  30  min  with  the  annealing  temperature  of  450  °C  deliver  the  best  electrochemical 
performance,  including  high  capacities,  good  cycle  performance  and  rate  capability.  The  initial  discharge 
capacity  of  the  thin  film  electrodes  is  177  mAh  g-1  measured  at  a  rate  of  0.1  C  in  the  voltage  range  of  2.8 
—4.5  V.  The  capacity  retention  ratio  is  92%  after  25  cycles  at  0.5C  rate.  The  chemical  diffusion  coefficients 
of  lithium  ion  in  the  thin  film  electrodes  are  in  the  range  of  10-9— 10_1°  cm2  s-1. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  cathode  material  most  commonly  used  in  the  current 
commercial  lithium  ion  batteries  is  the  layered  oxide  UC0O2 
because  of  its  high  theoretical  capacity  (274  mAh  g_1),  good  cycling 
stability  and  rate  capability  [1,2].  However,  some  drawbacks  of 
UC0O2  such  as  the  low  practical  capacity,  the  high  cost,  the  safety 
problems  and  performance  degradation  during  overcharging  limit 
its  further  use  in  large-scale  applications  [3-5]. 

LiNii/3Coi/3Mni/302,  a  derivative  of  UC0O2,  has  been  reported  as 
a  promising  cathode  material  to  replace  UC0O2  [6].  It  shows 
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excellent  electrochemical  performance  and  intriguing  structural 
behavior.  LiNii/3Coi/3Mni/302  has  the  same  structure  as  UC0O2  (oc- 
NaFe02  structure),  and  the  valence  states  of  Ni,  Co  and  Mn  are  2+, 
3+,  and  4+,  respectively  [7].  A  small  amount  of  cation  disorder,  as 
well  as  a  small  volume  change,  is  observed  in  LiNii/3Coi/3Mni/302 
during  the  charge/discharge  process  [8,9].  In  addition,  LiNii/3Coi/ 
3Mni/302  presents  excellent  safety  properties  at  a  relatively  high 
temperature  (55  °C)  [10].  Recently,  researchers  still  focus  on  the 
study  of  LiNii/3Coi/3Mni/302  powders  [11-13].  Nevertheless,  the 
only  study  on  LiNii/3Coi/3Mni/302  thin  films  has  been  reported  by 
Xie  et  al.  when  our  study  is  under  way  [14].  Unfortunately,  the  cycle 
performance  of  the  LiNii/3Coi/3lVIni/302  thin  film  electrodes 
prepared  by  RF  magnetron  sputtering  is  not  obtained. 

In  this  study,  LiNii/3Coi/3lVIni/302  thin  films  were  successfully 
prepared  by  pulsed  laser  deposition  (PLD)  technique.  The 
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electrochemical  performance  of  LiNii/3Coi/3Mni/302  thin  film 
electrodes  was  investigated  in  details.  Furthermore,  the  effects  of 
the  annealing  temperature,  composition  and  thickness  on  the 
electrochemical  performance  of  thin  film  electrodes  were  also 
discussed. 

2.  Experimental 

The  LiNii/3Coi/3Mni/302  powders  were  synthesized  by 
hydroxide  co-precipitation.  The  target  was  prepared  by  using  LiNii/ 
3Coi/3Mni/302  powders  with  15  mol%  Li20  to  compensate  for  Li  loss 
during  the  deposition  and  heat  treatment  processes  of  thin  films. 
LiNii/3Coi/3Mni/302  thin  films  were  deposited  on  Pt/Ti/SiC^/Si 
substrates  at  ambient  temperature  in  an  O2  atmosphere  of 
50  mTorr  for  different  time  by  PLD  technique  using  a  KrF  excimer 
laser  (Lambda  Physik  LPX  200).  The  thicknesses  of  Pt  current 
collector  layer  and  Ti  buffer  layer  were  150  nm  and  100  nm, 
respectively.  The  as  prepared  thin  films  were  then  annealed  at  400, 
450  and  500  °C  for  3  h  in  air  to  improve  crystallization.  The 
microstructure  of  LiNii/3Coi/3Mni/302  thin  films  was  characterized 
by  X-ray  diffraction  (XRD),  X-ray  photoelectron  spectroscopy  (XPS) 
field  emission  scanning  electron  microscopy  (FE-SEM)  and  trans¬ 
mission  electron  microscopy  (TEM). 

A  two-electrode  cell  test  equipment  with  lithium  metal  foil  as 
the  counter  electrode  was  used  in  the  galvanostatic  char¬ 
ge-discharge  tests,  conducting  by  an  Arbin  BT-2000  battery  testing 
system.  A  three-electrode  cell  test  equipment  was  used  in  cyclic 
voltammetry  (CV)  and  galvanostatic  intermittent  titration  tech¬ 
nique  (GITT)  measurements.  CV  measurements  were  carried  out  by 
using  a  Zaher  Elektrik  IM6  electrochemical  workstation  between 
2.8  V  and  4.5  V  versus  Li/Li+  at  different  sweep  rates.  For  GITT 
measurements,  the  cell  was  charged  for  30  min  at  a  current  density 
of  1  pA  cm-2  followed  by  an  open  circuit  relaxation  of  1  h.  All 
experiments  were  performed  in  an  Ar-filled  glove  box.  One  mole 
LiC104  in  propylene  carbonate  (PC)  was  used  as  the  electrolyte. 

3.  Results  and  discussion 
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3.1.  Structure  and  morphology  analysis  of  LiNiy3Coy3Mny302  thin 
films 


Fig.  1.  XRD  patterns  of  the  LiNii /3Coi/3Mni/302  target  and  the  thin  film  annealed  at 
500  °C  for  3  h  in  air:  (a)  target,  (b)  thin  film  deposited  for  30  min. 


The  X-ray  diffraction  pattern  of  the  LiNii/3Coi/3Mni/302  target 
with  15%  excess  L^O  is  shown  in  Fig.  la.  All  the  diffraction  peaks 
can  be  indexed  to  a  hexagonal  a-NaFe02-type  layered  structure 
belonging  to  the  R3m  space  group  [15],  without  the  appearance  of 
any  unknown  diffraction  peak.  The  XRD  pattern  of  the  LiNii /3C01/ 
3Mni/302  thin  films  annealed  at  low  temperature  (T  =  400  °C) 
exhibits  only  the  diffraction  peaks  of  the  substrate,  indicating 
amorphous  structure  of  thin  films.  The  crystalline  phase  appears 
upon  increasing  the  annealing  temperature  ( T  >  450  °C).  The  XRD 
pattern  of  the  LiNii/3Coi/3Mni/302  thin  films  annealed  at  500  °C 
(see  Fig.  lb)  displays  a  dominant  peak  at  about  18.7°,  which  is 
attributed  to  the  plane  (003)  reflection.  The  slightly  intensive 
dominant  peak  indicates  that  the  annealed  thin  films  possess 
a  partially  amorphous  structure. 

In  order  to  confirm  the  partially  amorphous  structure  of  the 
annealed  thin  films,  TEM  analysis  was  conducted.  Fig.  2  (a,  b)  shows 
the  TEM  image  and  the  selection  area  electron  diffraction  (SAED) 
pattern  of  the  thin  film  annealed  at  500  °C.  The  thin  film  was 
deposited  on  Si  substrate  for  90  min.  From  the  cross-section  TEM 
image,  the  thickness  of  thin  film  is  about  400  nm  and  the  growth 
rate  is  about  4.4  nm  min-1.  The  grain  size  is  about  from  10  nm  to 
200  nm.  The  diffusive  diffraction  rings  are  visible  in  the  SAED 
pattern,  which  indicates  that  the  amorphous  structure  exists  in  the 
thin  film.  High-resolution  transmission  electron  microscopy  ( HRTEM ) 


was  also  performed  to  examine  the  crystallinity  of  the  thin  film.  The 
area  marked  by  red  circle  in  Fig.  2c  shows  an  apparently  amorphous 
region. 

The  FE-SEM  images  of  LiNii /3Coi/3Mni/302  thin  films  annealed 
at  various  temperatures  with  deposition  time  of  30  min  are  shown 
in  Fig.  3.  The  surface  of  the  thin  film  annealed  at  400  °C  is  smooth 
with  an  average  grain  size  of  about  15  nm  (The  surface  image  is  not 
displayed  in  Fig.  3).  The  surface  becomes  rougher,  and  the  grains 
grow  bigger  with  increasing  annealing  temperature.  The  average 
grain  size  is  about  20  nm  and  30  nm  for  the  thin  films  annealed  at 
450  °C  (Fig.  3a)  and  500  °C,  respectively.  The  increasing  surface 
roughness  of  the  thin  films  with  the  increase  of  annealing 
temperature  is  also  observed  from  the  cross-section  FE-SEM  images 
(Fig.  3b-d).  All  the  thin  films  show  the  columnar  structure.  The 
thicknesses  of  thin  films  annealed  at  400,  450  and  500  °C  are 
estimated  to  be  about  105, 110  and  120  nm,  respectively. 

3.2.  XPS  analysis  of  LiNi  1/3C01  pMn ? /3 O2  thin  films 

Prior  to  collecting  the  XPS  data,  the  surface  (about  20  nm 
thickness)  of  LiNii/3Coi/3Mni/302  thin  films  was  etched  by  ion 
beam  sputtering  to  remove  any  surface  contaminations.  The  Ni2p, 
Co2p  and  Mn2p  spectra  of  the  LiNii /3Coi/3Mni/302  thin  film 
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Fig.  2.  The  TEM  image  (a),  the  selection  area  electron  diffraction  (SAED)  pattern  (b)  and  HRTEM  image  (c)  of  the  thin  film  deposited  for  90  min  and  annealed  at  500  °C. 
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Fig.  3.  FE-SEM  surface  and  cross-section  images  of  LiNii/3Coi/3Mni/302  thin  films  deposited  for  30  min  with  different  annealing  temperatures:  (a)  surface  image  of  the  thin  film 
annealed  at  450  °C,  (b-d)  cross-section  images  of  the  thin  films  annealed  at  400,  450  and  500  °C,  respectively. 
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deposited  for  30  min  and  annealed  at  450  °C  are  shown  in  Fig.  4a— c. 
Four  peaks  are  found  in  the  Ni2p  spectra.  Two  main  peaks  Ni2p3/2 
and  Ni2pi/2  at  853.8  and  871.5  eV  are  in  agreement  with  those 
reported  for  LiNii/3Coi/3Mni/302  powders  [16].  The  average 
oxidation  state  of  Ni  in  the  LiNii/3Coi/3Mni/302  thin  film  is  diva¬ 
lence  because  the  difference  in  the  binding  energy  (BE)  between 
Ni2p3/2  and  Ni2pi/2  is  approximately  17.5  eV,  which  is  indicative  of 
Ni2+  [17].  Two  characteristic  satellite  peaks  of  Ni2+  ions,  SI  and  S2, 
are  noted  in  addition  to  two  main  peaks  Ni2p3/2  and  Ni2pi/2.  Such 
two  satellite  peaks  have  also  been  observed  in  LiNii/3Coi/3Mni/302 
and  LiNio.4Coo.2Mno.4O2  powders  [16,18]. 

As  shown  in  Fig.  4b,  two  sharp  peaks  Co2p3/2  and  Co2pi/2  are  at 
779.0  and  794.9  eV,  and  two  satellite  peaks  are  at  784.5  and 
801.4  eV  in  the  Co2p  spectra.  The  fit  for  Co2p3/2  spectra  gives  a  BE  of 


Fig.  4.  The  Ni2p  (a),  Co2p  (b)  and  Mn2p  (c)  XPS  spectra  of  the  LiNii/3Coi/3Mni/302  thin 
film  annealed  at  450  °C. 


779.0  eV.  This  value  matches  well  with  the  BE  reported  for  Co3+ 
(779.0  eV)  in  Nii/3Coi/3Mni/3OOFI  powders  [19]  and  is  close  to  the 
BE  reported  for  Co3+  (779.5  eV)  in  LiNii/3Coi/3Mni/302  powders 
[20]. 

In  the  Mn2p  spectra  (Fig.  4c),  the  major  peak  Mn2p3/2  is  at 
642.3  eV  and  the  minor  one  Mn2pi/2  is  at  653.9  eV.  The  BE  for 
Mn2p3/2  spectra  is  in  good  agreement  with  the  value  reported  for 
Mn4+  (642.2  eV)  in  LiNii/3Coi/3Mni/302  powders  [20].  The  present 
XPS  results  indicate  that  the  oxidation  states  of  Co  and  Mn  ions  in 
the  thin  film  are  expected  to  be  trivalence  and  tetravalence, 
respectively. 

3.3.  Electrochemical  performance  of  LiNiy3Coy3Mny302  thin  film 
electrodes 

Fig.  5  shows  the  second  charge-discharge  curves  and  the  cycle 
performance  for  the  LiNii/3Coi/3Mni/302  thin  film  electrodes 
deposited  for  30  min  with  various  annealing  temperatures.  The 
galvanostatic  charge-discharge  tests  of  the  Li/LiNii/3Coi/3Mni/302 
cell  were  carried  out  at  a  constant  current  density  of  5  uA  cm2  (0.5C 
rate,  1C  =  180  mA  g_1)  in  the  voltage  range  of  2.8-4.3  V.  The 
electrochemical  performance  is  the  best  for  the  thin  film  electrodes 
annealed  at  450  °C.  The  thin  film  electrodes  show  a  couple  of 
defined  charge/discharge  plateaus  about  3.7  V  and  3.6  V  which 


Fig.  5.  The  charge-discharge  curves  (a)  and  cycle  performance  (b)  For  the  LiNii/3Coi/ 
3Mni/302  thin  film  electrodes  deposited  for  30  min  with  various  annealing 
temperatures. 
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corresponds  to  the  deintercalation/intercalation  reaction  of  lithium 
ions  in  LiNii/3Coi/3Mni/302  cathode  material.  The  charge  and 
discharge  specific  capacities  are  123.6  and  119.5  mAh  g_1,  respec¬ 
tively.  The  specific  capacities  were  calculated  assuming  a  density  of 
4.82  gem-3.  It  has  been  reported  that  the  optimal  growth 
temperature  is  450  °C  for  the  pulse  laser  deposited  LiNi0.8- 
C00.15AI0.05O2  film  electrodes  [21  ].  The  initial  specific  capacities  and 
coulombic  efficiency  of  the  thin  film  electrodes  annealed  at  400  °C 
can  be  comparable  to  those  of  the  thin  film  electrodes  annealed  at 
450  °C.  However,  the  specific  capacities  decrease  fast  in  the  suc¬ 
ceeding  cycles.  The  discharge  capacity  retention  ratio  is  only  59% 
after  20  charge— discharge  cycles.  The  inferior  capacity  retention  of 
the  thin  film  electrodes  annealed  at  400  °C  is  due  to  their  low 
crystallinity.  When  the  films  are  annealed  at  a  low  temperature,  it  is 
reasonable  to  expect  the  thin  films  have  an  amorphous  structure. 
Thus,  the  amorphous  LiNii/3Coi/3Mni/302  may  not  be  stable  during 
Li-ion  deintercalation/intercalation  and  results  in  a  fast  capacity 
fade.  The  superior  electrochemical  performance  of  the  thin  film 
electrodes  annealed  at  450  °C  may  be  ascribed  to  high  crystallinity. 
Generally,  the  electrochemical  performance  in  crystalline  film  is 
higher  than  that  of  amorphous  film  [22].  In  addition,  the  larger 
grain  size  of  the  thin  films  annealed  at  450  °C  leads  to  the  decrease 
of  the  grain  boundary  density,  which  facilitates  the  pathway  of  Li- 
ion  into  the  thin  film. 

From  Fig.  5b,  the  specific  capacities  degrade  rapidly  for  the  thin 
film  electrodes  annealed  at  500  °C.  The  low  cycling  stability  may  be 
ascribed  to  poor  adhesion  strength  between  the  thin  films  and 
substrates  [23].  The  thermal  stress  induced  by  the  higher  annealing 
temperature  may  result  in  poor  adhesion  strength,  then  the 
detachment  of  the  thin  films  and  the  loss  of  electrical  contact  with 
the  current  collectors  during  cycling.  On  the  other  hand,  larger 
grain  size  may  lead  to  higher  mechanical  stress  during  the  Li-ion 
deintercalation  and  intercalation  processes,  and  thereby  result  in 
easy  detachment  of  the  thin  films  from  the  substrates.  Moreover, 
the  larger  grain  size  also  can  lead  to  the  smaller  contact  area  with 
the  liquid  electrolyte,  prolong  the  diffusion  distance  of  the  Li+  ions 
in  LiNii/3Coi/3Mni/302  thin  films  and  increase  the  charge-transfer 
resistance  at  the  electrode/electrolyte  interface,  which  is  unfavor¬ 
able  for  the  charge-discharge  cycling  stability.  The  XPS  results 
show  a  composition  of  Li  in  LiNii/3Coi/3Mni/302  thin  films  annealed 
at  500  °C  is  about  18.8%,  indicating  the  large  loss  of  lithium  induced 
by  higher  annealing  temperature.  Li  deficiency  in  the  thin  films 
may  lead  to  the  formation  of  impurity  phases,  which  may  be  one  of 
reasons  resulting  in  low  cycling  stability  of  the  thin  film  electrodes. 
The  impurity  phases  cannot  be  detected  by  X-ray  diffraction, 
inferring  a  small  amount  of  impurity  phases. 

Fig.  6a  shows  the  charge-discharge  curves  tested  at  a  constant 
current  density  of  5  uAcrn-2  for  the  LiNii/3Coi/3Mni/302  thin  film 
electrodes  deposited  for  30  min  with  an  annealing  temperature  of 
450  °C.  It  should  be  mentioned  that  the  initial  open  circuit  voltage 
(OCV)  was  about  3.2  V  when  the  cell  was  assembled.  The  initial 
charge  and  discharge  specific  capacities  are  130  mAh  g  1  and 
120  mAh  g-1,  respectively.  The  discharge  specific  capacity  is 
comparable  to  that  of  the  LiNii/3Coi/3Mni/302  film  electrodes 
prepared  by  RF  magnetron  sputtering  [14].  The  initial  discharge 
specific  capacity  is  about  145  mAh  g_1  measured  between  2.5  V  and 
4.5  V  at  a  current  density  of  7.8  pA  cm-2  (0.24C  rate)  for  the  600  °C- 
annealed  LiNii/3Coi/3Mni/302  thin  films  (600  nm)  growth  on  Au 
substrate.  However,  it  is  a  pity  that  the  cycle  performance  of  the 
LiNii/3Coi/3Mni/302  film  electrodes  deposited  by  magnetron  sput¬ 
tering  is  not  reported. 

The  coulombic  efficiency  (Fig.  6b)  is  beyond  95%  in  addition  to 
the  first  cycle.  This  reveals  good  reversibility  of  lithium  intercala¬ 
tion/deintercalation  reactions  in  the  thin  film  electrodes.  The  LiNii / 
3Coi/3Mni/302  thin  film  electrodes  deliver  a  good  cycle 
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Fig.  6.  The  charge-discharge  curves  (a)  and  coulombic  efficiency  (b)  For  the  LiNii/ 
3Coi/3Mni/302  thin  film  electrodes  deposited  for  30  min  and  annealed  at  450  °C. 


performance,  as  shown  in  Fig.  6b.  The  discharge  specific  capacity  at 
the  25th  cycle  is  101  mAh  g~\  which  is  92%  of  the  initial  discharge 
specific  capacity.  However,  the  capacity  is  low  compared  with  the 
LiNii/3Coi/3Mni/302  composite  electrode  [24].  The  low  capacity 
may  be  attributed  to  two  reasons.  One  is  the  uncompleted  crys¬ 
talline  LiNii/3Coi/3Mni/302  thin  film  (see  Fig.  2).  Another  is  that  the 
thin  film  is  free  of  conducting  agent,  and  the  active  area  for  elec¬ 
trochemical  reactions  is  much  smaller  than  that  of  the  composite 
electrode  in  the  liquid  electrolyte. 

The  electrochemical  rate  capability  was  examined  by  char¬ 
ge-discharge  tests  between  2.8  V  and  4.5  V  at  different  C-rates. 
Fig.  7  shows  the  rate  capability  of  the  LiNii /3Coi/3Mni/302  thin  film 
electrodes  annealed  at  450  °C.  The  thin  films  were  deposited  for  30 
and  60  min,  respectively.  The  electrochemical  performance  of  thin 
film  electrodes  deposited  for  90  min  was  not  tested  because  the 
thin  films  peeled  off  from  the  substrates  under  the  annealing 
temperature  of 450  °C  for  3  h.  The  thin  film  electrodes  deposited  for 
60  min  with  a  thickness  of  250  nm  show  low  rate  capability  and 
inferior  cycle  performance,  compared  to  the  thin  film  electrodes 
deposited  for  30  min.  From  the  SEM  results,  it  is  confirmed  that  the 
grains  grow  larger  and  the  thin  films  become  thicker  with  the 
increase  of  deposition  time.  The  larger  grains  make  smaller  surface 
area  and  the  fast  charge-discharge  disable,  also  can  increase  the 
diffusion  distance  of  the  Li+  ions  in  the  thin  film  electrodes, 
resulting  in  low  rate  capability.  In  addition,  high  mechanical  stress 
built  up  in  thick  films  may  also  lead  to  easier  detachment  of  the 
films  from  the  substrates  during  the  charge/discharge  process,  thus 
low  capacities  and  inferior  cycle  performance. 

The  thin  film  electrodes  deposited  for  30  min  deliver  good 
electrochemical  performance,  including  high  capacity,  good  rate 
capability  and  cycling  stability.  The  discharge  specific  capacities 
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Fig.  7.  The  rate  capability  of  the  LiNii/3Coi/3Mni/302  thin  film  electrodes  annealed  at 
450  °C. 

of  the  thin  film  electrodes  at  the  first  cycle  and  10th  cycle 
are  177  mAh  g'1  and  170  mAh  g-1  at  a  rate  of  0.1  C,  respecti¬ 
vely.  The  discharge  capacities  can  be  comparable  to  those  of  the 
LiNii/3Coi/3Mni/302  composite  electrode  [25].  Nevertheless,  the 


Fig.  8.  The  cyclic  voltammograms  of  the  LiNii/3Coi/3Mni/302  thin  film  electrodes 
deposited  for  30  min  and  annealed  at  450  °C:  (a)  scan  rate  of  0.1  mV  s-1  (b)  different 
scan  rates. 


thin  film  electrodes  exhibit  lower  high-rate-discharge  (HRD) 
capability  than  the  LiNii/3Coi/3Mni/302  composite  electrode 
[26].  This  can  be  ascribed  to  the  fact  that  the  thin  films  are 
conducting  agent  free.  The  partially  amorphous  structure  and 
low  electronic  conductivity  (2.5  x  10  7  S  cm-1  [27])  of  the  LiNii / 
3Coi/3Mni/302  thin  film  electrodes  are  also  important  factors 
resulting  in  its  low  HRD  capability. 

Cycle  voltammetry  measurements  were  performed  in  the 
voltage  range  2.8-4.5  V  at  different  scan  rates.  A  typical  cyclic 
voltammogram  of  the  LiNii /3Coi/3Mni/302  thin  film  electrodes 
deposited  for  30  min  and  then  annealed  at  450  °C  is  shown  in 
Fig.  8a.  The  curve  exhibits  a  couple  of  well-defined  anodic  and 
cathodic  peaks  located  at  about  3.8  V  and  3.6  V.  This  is  a  typical 
characteristic  attributed  to  the  deintercalation/intercalation 
process  of  Li+  ions  in  LiNii /3Coi/3Mni/302  cathode  material  [28]. 
Fig.  8b  shows  the  cyclic  voltammograms  of  the  thin  film  electrodes 
at  different  scan  rates,  which  reveals  good  reversible  lithium 
deintercalation  and  intercalation  reactions  and  fast  lithium  diffu¬ 
sion  in  the  thin  film  electrodes. 

3.4.  Li-ion  diffusion  coefficients  of  LiNi jpCoj pMn ? p O2  thin  film 
electrode 

To  investigate  Li  diffusivity  in  LiNii/3Coi/3Mni/302  thin  film 
electrode,  GITT  measurements  were  performed  on  the  cell.  Fig.  9a 


t/S 


Fig.  9.  (a)  GITT  curve  and  (b)  Li-ion  diffusion  coefficients  of  the  LiNii/3Coi/3Mni/302 
thin  film  electrode  deposited  for  30  min  with  an  annealing  temperature  of  450  °C. 
Illustration  is  the  equilibrium  voltage  Es  as  a  function  of  x  in  LixNii/3Coi/3Mni/302. 
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shows  a  typical  GITT  curve  of  the  LiNii/3Coi/3Mni/302  thin  film 
electrode  deposited  for  30  min  with  an  annealing  temperature  of 
450  °C.  The  GITT  measurements  were  performed  by  charging  the 
cell  for  30  min  at  a  current  density  of  1  pA  cm-2,  following  by  an 
open  circuit  relaxation  of  1  h  to  allow  the  cell  voltage  to  reach  its 
steady-state  value.  The  cell  was  cycled  between  2.8  V  and  4.5  V  for  5 
times  prior  to  the  GITT  measurements.  The  equilibrium  voltage  Es 
as  a  function  of  x  in  LixNii/3Coi/3Mni/302  is  shown  in  Fig.  9a  (see 
illustration).  The  plot  of  x  vs.  Es  is  very  similar  to  the  charge  curve  in 
Fig.  6a,  which  shows  a  plateau  in  the  range  x  =  0.85—0.7.  The  cell 
voltage  during  the  time  period  t  under  an  applied  constant  current 
density  is  plotted  against  t1^2  which  fits  into  a  straight  line.  Thus, 
the  diffusion  coefficients  of  lithium  ions  (Dy)  in  LiNii/3Coi/3Mni/302 
thin  film  electrode  can  be  determined  by  Eq.  (1)  [7] 


annealing  temperature,  composition  and  thickness.  The  optimum 
deposition  time  and  annealing  temperature  are  30  min  and  450  °C. 
The  thin  film  electrodes  prepared  at  the  optimum  conditions 
exhibit  high  capacities,  good  cycling  stability  and  rate  capability. 
The  coulombic  efficiency  is  beyond  95%  during  cycling  tested  at 
0.5C  rate,  and  the  capacity  retention  ratio  is  92%  after  25  char¬ 
ge-discharge  cycles.  The  discharge  specific  capacities  at  the  first 
cycle  and  10th  cycle  are  177  mAh  g-1  and  170  mAh  g-1  tested  at 
0.1  C  rate  in  the  voltage  range  of  2.8-4.5  V,  respectively.  The  Li-ion 
diffusion  coefficients  in  LiNii/3Coi/3Mni/302  thin  film  electrodes  are 
in  the  range  of  10-9— 10-1°  cm2  s-1  obtained  by  GITT. 
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where  Dy  (cm2  s-1)  represents  the  Li-ion  diffusion  coefficient.  mB 
(g),  MB  (g  mol-1),  Vm  (cm3  mol-1),  A  (cm2)  and  L  (cm)  are  the  mass, 
molecular  weight,  molar  volume  (20.29  cm3  mol-1),  surface  area 
and  thickness  of  the  thin  film  electrode,  respectively.  A Ex  and  AES 
are  the  total  change  of  cell  voltage  (after  subtracting  the  IR  drop) 
and  the  change  of  equilibrium  voltage  for  a  single  titration. 

For  the  film  electrode,  it  is  very  difficult  to  determine  the  mass 
of  the  thin  film.  If  we  assume  that  porosity  of  the  film,  rf,  equals  to 
zero,  Eq.  (1)  can  be  further  simplified  to  Eq.  (3)  using  Eq.  (2)  [29]. 


Vm/Mb 


l/p,  mB 

=  Cf  x  (p  x  s  x  L) 

(2) 

,/AEs\2 

(  *-2\ 

(3) 

■fe) 

In  equation  (2),  p  is  the  theoretical  density  of  electrode  material. 
The  Li-ion  diffusion  coefficients,  Dy,  calculated  using  Eq.  (3)  as 
a  function  of  the  cell  voltage  is  shown  in  Fig.  9b.  It  is  noted  that  the 
plot  of  Dy  versus  the  cell  voltage  exhibits  a  minimum  around 
3.67  V,  which  coincides  with  the  plateau  observed  in  the  voltage 
profile  during  charge-discharge  cycling.  Similar  results  were  also 
obtained  by  Shaju  [7],  Liao  [30]  and  Xia  et  al.  [31  ].  The  values  of  Dy 
in  LiNii/3Coi/3Mni/302  thin  film  electrode  are  in  the  range  of 
10  9-10  10  cm2  s-1.  The  Dy  values  in  this  study  are  in  agreement 
with  the  results  obtained  from  GITT  in  LiNii/3Coi/3Mni/302 
composite  electrodes  (10-9— 10-1°  cm2  s-1)  [7].  However,  the  Dy 
values  are  higher  than  those  obtained  from  GITT  in  300  °C- 
annealed  LiCo02  thin  films  (10  12-10-13  cm2  s-1)  [30]  and 
LiNio.5Mno.5O2  thin  films  (10-12-10-16  cm2  s-1)  [31]. 


4.  Conclusions 


Layered  LiNii/3Coi/3Mni/302  thin  film  electrodes  have  been 
successfully  prepared  by  pulsed  laser  deposition  technique.  The 
microstructure  and  electrochemical  performance  of  thin  film 
electrodes  have  been  investigated.  The  electrochemical  perfor¬ 
mance  of  LiNii/3Coi/3Mni/302  thin  film  electrodes  depends  on  the 
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